Contribution of nerve growth factor to upregulation of P2X3 expression in DRG neurons of rats with femoral artery occlusion. Am J Physiol Heart Circ Physiol 301: H1070-H1079, 2011. First published June 3, 2011 doi:10.1152/ajpheart.00188.2011Femoral artery occlusion augments the sympathetic nerve and pressor responses to muscle contraction and muscle metabolites injected into the arterial blood supply of the hindlimb muscles in rats. The underlying mechanism by which these reflex responses are enhanced after muscle vascular insufficiency is unclear. Purinergic P2X3 receptor has been reported to contribute to the metabolic component of the exercise pressor reflex. Thus the purpose of this study was to examine if chronic femoral occlusion would alter the expression of P2X3 in dorsal root ganglion (DRG) neurons of rats. Also, P2X3-mediated sympathetic responsiveness was examined after femoral occlusion. In addition, the role played by nerve growth factor (NGF) in regulating the expression and response of P2X3 was examined. Western blot analysis showed that 24 h of femoral ligation increased the levels of P2X3 (optical density: 0.93 Ϯ 0.07 in control and 1.37 Ϯ 0.10 after occlusion; P Ͻ 0.05 vs. control). The fluorescence immunohistochemistry further demonstrated that the occlusion elevated P2X3 expression in DRG neurons (percentage of P2X3-positive cells: 33 Ϯ 3% in control and 51 Ϯ 3% in occlusion; P Ͻ 0.05 vs. control). Furthermore, the results showed that responses of renal sympathetic nerve activity and blood pressure to stimulation of P2X were greater in occluded rats than responses in control rats by injection of ␣,␤-methylene ATP into the arterial blood supply of the hindlimb muscle. Finally, infusion of NGF in the hindlimb muscles of healthy rats increased P2X 3 (optical density: 0.98 Ϯ 0.12 in control and 1.37 Ϯ 0.16 with NGF; P Ͻ 0.05 vs. control). The pressor response to injection of ␣,␤-methylene ATP was increased in the rats with NGF infusion. Likewise, blocking NGF attenuated exaggeration of the reflex response induced by ␣,␤-methylene ATP in occluded rats. The findings of this study suggest that the levels of P2X 3 in primary afferent neurons are upregulated as the blood supply to the hindlimb is deficient under ischemic conditions, leading to augmentation of the muscle reflex. NGF is closely related to increases in P2X 3 receptor expression and response. purinergic receptor; muscle afferents; peripheral artery disease; adenosine 5=-triphosphate; blood pressure THE EXERCISE PRESSOR REFLEX is a neural control mechanism responsible for the cardiovascular responses to exercise (35, 37) . Group III and IV muscle afferents represent the sensory arm of this reflex. As exercise is initiated, group III and IV thin fiber nerves are mechanically and metabolically stimulated leading to reflex increases in arterial blood pressure and heart rate (HR) primarily through activation of sympathetic nerve activity (23-26). Group III afferents are thought to be predominantly mechanosensitive, whereas group IV afferents are thought to be a predominantly metabosensitive (23-26). Prior studies (40, 47-50) have indicated that the exercise pressor reflex is altered in cardiovascular diseases.
THE EXERCISE PRESSOR REFLEX is a neural control mechanism responsible for the cardiovascular responses to exercise (35, 37) . Group III and IV muscle afferents represent the sensory arm of this reflex. As exercise is initiated, group III and IV thin fiber nerves are mechanically and metabolically stimulated leading to reflex increases in arterial blood pressure and heart rate (HR) primarily through activation of sympathetic nerve activity (23) (24) (25) (26) . Group III afferents are thought to be predominantly mechanosensitive, whereas group IV afferents are thought to be a predominantly metabosensitive (23) (24) (25) (26) . Prior studies (40, (47) (48) (49) (50) have indicated that the exercise pressor reflex is altered in cardiovascular diseases.
Peripheral arterial disease (PAD) is one of the most common and important public health problems that affect the lifestyles in 20% of adults who are older than 55 yr (13, 41, 46) . The main cause of this disease is the narrowing of blood vessels in the lower limbs, predominantly due to atherosclerotic vascular disease (2) . The first clinical sign of PAD is usually intermittent claudication during exercise (46) . Prior studies (3, 4) reported that autonomic responses are enhanced during exercise in PAD patients.
A rat model of femoral artery occlusion used to study intermittent claudication seen in human PAD has been well established (52) . This model exhibits impaired limb blood flow reserve capacity with exercise but normal flow at rest (58, 59) . A previous study (50) using this model has illustrated that the pressor response to static muscle contraction is increased in rats with femoral occlusion. Furthermore, the reflex sympathetic nerve and pressor responses to stimulation of metabolically sensitive receptors, such as transient receptor potential vanilloid type 1 (TRPV1) and acid-sensing ion channels (ASICs), are augmented in occluded rats (33, 56) . The upregulation of these metabolites receptor in sensory nerves (neurons) is considered a mechanism that contributes to the augmented responses following femoral occlusion (33, 56) .
Several prior studies (17-19, 27, 29, 30, 32, 36) suggest that ATP-sensitive purinergic P2X receptors contribute to the metabolic component of the exercise pressor reflex in cat and rat models. First, the concentration of ATP in the muscle interstitium is increased during muscle contraction and stretch (29, 30) . Second, injection of ␣,␤-methylene ATP (␣,␤-me-ATP), a P2X receptor agonist, into the arterial blood supply of the hindlimb muscle increases blood pressure via reflex mechanism (17, 32) . Third, blocking P2X receptors (i.e., P2X 2/3 and P2X 3 ) attenuates discharge of group IV afferent fibers and blood pressure response during static muscle contraction (18, 19, 27, 36) .
On the basis of these data, it was hypothesized that femoral artery occlusion increases P2X 3 receptors in primary afferent neurons/dorsal root ganglion (DRG) neurons and thereby leads to the enhanced reflex responses to stimulation of P2X 3 . Western blotting and immunohistochemistry were employed to examine P2X 3 in DRG neurons of control rats and those with femoral artery occlusion. To determine P2X responsiveness, sympathetic and cardiovascular responses to injections of ␣,␤-me-ATP into the arterial blood supply of the hindlimb muscles were further examined in both groups.
Nerve growth factor (NGF) is a secreted signaling protein that plays an important role in sympathetic and sensory neuron survival. Femoral artery occlusion elevates the levels of NGF in the hindlimb muscles and DRG neurons of rats (57) . Also, previous reports (44) suggest that NGF can evoke P2X receptor expression in the DRG neurons. Based on these data, it was postulated that NGF is involved in upregulation of P2X 3 in sensory nerves and contributes to the exaggeration of the muscle reflex after femoral occlusion by increasing the expression of P2X 3 . Thus the levels of P2X 3 protein in DRG neurons and the cardiovascular responses to arterial injections of ␣,␤-me-ATP were examined after infusion of NGF into hindlimb muscles through a microosmotic pump. Also, the pressor and heart rate responses to ␣,␤-me-ATP were examined after NGF antibody was administered into the hindlimb muscles.
METHODS
All animal experimental procedures were approved by the Institutional Animal Care and Use Committee of Pennsylvania State College of Medicine and complied with the National Institutes of Health guidelines.
Femoral artery occlusion. A rat model of femoral artery occlusion has been well described to induce hindlimb muscle vascular insufficiency/muscle ischemia (52) . The surgical procedures were performed in sixty-four male Sprague-Dawley rats (5-7 wk old) as previously described (33) . While the rats were under inhalation of an isofluraneoxygen mixture (2-5% isoflurane in 100% oxygen), their femoral artery on one limb was surgically exposed, dissected, and ligated ϳ3 mm distal to the inguinal ligament. The same procedures were performed on the other limb except that a suture was placed below the femoral artery but was not tied; this served as the control. The postoperative care of the animals was taken. Buprenorphine hydrochloride (0.05 mg/kg sc) was given as analgesic after the surgery and then every 12 h before the experiments as needed. In addition, after the surgery each rat received penicillin potassium (100,000 IU/kg im twice daily) and lactated ringers (5 ml/kg sc). To better examine rats' healthy status, the body weights of rats were measured before experiments. If the rats were found to lose 10% of their body weight after the surgery, they would not be included in the experiment. Then, recovery times of 6, 24, and 72 h were allowed before the experiments began.
Administration of NGF. The microosmotic pump (Alzet model 1003D, 3-day delivery; length: 1.5 cm and diameter: 0.6 cm) containing NGF and saline was implanted subcutaneously in the hindlimbs of 12 healthy rats under anesthesia (57) . Note that the pumps were placed in the femoral triangle region and outlet of the pump was 2-3 mm distal to the inguinal ligament. Then, NGF was delivered at a rate of 0.25 g/h to one leg. A total of 18 g NGF was delivered over 72 h. Saline in the same volume was delivered at the same infusion rate on another leg as the control. Previous experiments (57) have shown that delivered NGF in this manner can increase responsiveness of sensory nerve receptors (i.e., TRPV1).
Western blot analysis. Eighteen rats were used to examine expression of P2X 3 protein in lumbar (L4 -6) DRGs of control and occluded limbs. Six rats were used to examine P2X3 in L4 -6 DRGs of control limb with saline infusion and experimental limb with NGF infusion. Western blot methods were performed as previously described (33, 34) . In brief, DRGs of the rats were removed. All DRGs tissues from individual rats were sampled for Western blot analysis. Total protein was then extracted by homogenizing DRG sample in ice-cold radioimmunoprecipitation assay buffer containing 25 mM Tris·HCl (pH 7.6), 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, and 0.1% SDS with protease inhibitor cocktail kit (Sigma-Aldrich, St. Louis, MO). The lysates were centrifuged at 15,000 g for 15 min at 4°C; the supernatants were collected for measurements of protein concentrations using a bicinchoninic acid assay reagent kit (Pierce Biotechnology, Rockford, IL) and then stored in Ϫ80°C for later use.
After being denatured by heating at 95°C for 5 min in an SDS sample buffer (Cell Signaling Technology, Danvers, MA), the supernatant samples containing 20 g of protein was loaded onto 10 -12% SDS-polyacrylamide gels (Bio-Rad Laboratories, Hercules, CA) and then electrically transferred to a polyvinylidene fluoride membrane (GE Water & Process Tech, Trevose, PA). The membrane was blocked in 5% nonfat milk in 0.1% Tween-TBS buffer for 1 h and was then incubated overnight with primary antibody:rabbit anit-P2X 3 at 1:1,000 dilutions (Santa Cruz Biotechnology, Santa Cruz, CA).
After being fully washed, the membrane was incubated with horseradish peroxidase-linked anti-rabbit secondary antibody at 1:1,000 dilutions and visualized for immunoreactivity using an enhanced chemiluminescence system (Cell Signaling Technology). The membrane was stripped and incubated with mouse anti-␤-actin (Sigma-Aldrich) to show equal loading of the protein in the Western blot analysis. The densities of P2X 3 and ␤-actin bands were determined using the NIH Scion Image Software.
Fluorescence immunohistochemistry. Six rats were used to examine P2X 3 immunostaining in L4 -6 DRGs of control and occluded limbs. After anesthetization with inhalation of an isoflurane-oxygen mixture, the rats were transcardially perfused sequentially with 200 ml of ice-cold saline containing 1,000 U heparin, 500 ml of 4% freshly prepared ice-cold paraformaldehyde in PBS (pH 7.4), and 200 ml of 10% sucrose. L4 -6 DRGs of control and occluded limbs were immediately removed once perfusion was complete. DRGs were further fixed in 4% paraformaldehyde for 2 h and stored in 30% sucrose overnight. The processed DRGs were embedded in TissueTek (Sakura Finetek, Torrance, CA) onto dry ice and cut on a cryostat to obtain 10-m sections. The sections were then mounted onto microscope slides and dried at room temperature.
The sections were fixed with 4% paraformaldehyde for 10 min, permeabilized, and blocked with 0.3% Triton X-100 in PBS supplemented with 5% goat serum for 1 h and then incubated with rabbit anti-P2X3 (1: 250; Neuromics, Edina, MN) primary antibody overnight at 4°C. After being thoroughly washed in PBS, the sections were incubated with goat anti-rabbit secondary antibody conjugated to Alexa fluor 594 (Invitrogen, Molecular Probes, Carlsbad, CA) for 2 h at room temperature. The sections were coverslipped and then examined under a fluorescence microscope (Nikon Eclipse 80i, Tokyo, Japan).
After all sections of each lumbar DRG were processed for P2X3, every fourth section was chosen in a consecutive fashion to obtain at least five sections per animal for immunostaining analysis. The images were obtained with an attached digital camera, stored on a computer, and then analyzed using the Nis-Elements software (Nikon) . The methods to analyze immunostaining were described in the previous report (33) . Cells with Ͼ1.75 times of background intensity were considered to be positive (33) . The number of P2X3-positive cells and the total cells was counted in each section. The percentage of P2X3-positive cells vs. total cells was calculated. Note that the majority of DRG cells showed a clear nucleus and perimeter in the sections, and only neurons with a clear nucleus and perimeter were selected for analysis of the total cells and P2X-positive cells in the current study.
Measurements of NGF. Three subgroups of rats were used in this experiment: 1) five rats served as control; 2) five rats were infused with NGF in one leg and with saline in another leg; and 3) five rats who received 24 h of femoral ligation on both legs and 10 g of NGF antibody were given in one leg and saline was given in the contralateral leg. These rats were anesthetized by inhalation of an isoflurane oxygen mixture (2-5% isoflurane in 100% oxygen) and killed by decapitation. The L4-L6 DRGs and ventrolateral medulla were removed quickly, weighed, and frozen at Ϫ80°C for NGF measurements. NGF levels in DRG tissues were determined using a two-site immunoenzymatic assay (ELISA) as previously described (61) . Note that the ELISA measurements were made on L4-L6 DRGs/medulla from individual animals. Briefly, polystyrene 96-well microtitel immunoplates were coated with affinity-purified polyclonal goat anti-NGF antibody (Promega). Parallel wells were coated with purified goat IgG for evaluation of nonspecific signal. After overnight incubation at room temperature and 2 h of incubation with the coating buffer (50 mM carbonate buffer, pH 9.5, in 2% BSA) plates were washed with 50 mM Tris·HCl (pH 7.4; 200 mM NaCl, 0.5% gelatin, and 0.1% Triton X-100). After extensive washing, the diluted samples and the NGF standard solutions (Promega), ranging from 0 to 500 pg/ml, were distributed in each plate and left at room temperature overnight. The plates were then washed and incubated with 4 mU of anti ␤-NGF-galactosidase per well (Boehringer Mannheim). After a 2-h incubation at 37°C, the plates were washed and then incubated with 100 l of substrate solution (4 mg of chlorophenol red per ml of substrate buffer: 100 mM HEPES, 150 mM NaCl, 2 mM MgCl 2, and 0.1% sodium azidey 1% BSA) that was added to each well. After an incubation of 2 h at 37°C, the optical density was measured at 575 nm using an ELISA reader (BioTek).
In addition, blood samples were taken from the control rats and rats who received NGF infusion for measurements of plasma NGF. First, blood samples were centrifuged to obtain plasma. In a similar way, a NGF ELISA kit (Abcam) was used to determine the level of plasma NGF. Polystyrene 96-well microtitel immunoplates was previously coated with anti-rat NGF antibody. After incubation and being washed, plasma samples and standard NGF solutions were added in each plate and incubated with biotinylated antibody and horseradish perioxidase-conjugated streptavidin. Then, the optical density was measured after the plates were washed and incubated with substrate solution.
Examination of reflex sympathetic and cardiovascular responses. The eight control rats and nine rats with 24 h of femoral occlusion were anesthetized with a mixture of 2-5% isoflurane and oxygen and ventilated as described previously (33, 56) . The right jugular vein and common carotid artery were cannulated to deliver fluids and to connect a pressure transducer for measurement arterial blood pressure, respectively. A catheter (PE10) was then inserted into the femoral artery for injection of drugs into the arterial blood supply of the hindlimb muscles. A bundle of the renal nerves on the left side were carefully dissected and placed on laboratory film, followed by a bipolar electrode being placed under the isolated renal nerves and embedded in a silicone gel fixed to the surrounding tissue. The skin on the back was used to form a pool that was filled with warm (37°C) mineral oil. The renal sympathetic nerve activity (RSNA) signal was amplified with an amplifier (P511; Grass Instruments) and recorded.
Decerebration was performed as previously described (33, 56) to avoid the confounding effects of anesthesia on the reflex pressor response. A transverse section was made anterior to the superior colliculus and extending ventrally to the mammillary bodies. All brain tissues from rostral to the section were removed. Following this procedure, the anesthesia was withdrawn from the rats. A recovery period of 60 min was allowed before the experiment began.
During the experiments, baseline blood pressure and fluid balance were maintained with a continuous infusion of saline. Body temperature was continuously monitored and maintained at 37.5-38.5°C with a heating pad and external heating lamps.
␣,␤-me-ATP (Sigma) was dissolved in saline and made at 0.0625, 0.125, and 0.25 mM. Then, they were administered into the femoral artery of control limb and occluded limb. The injection volume was adjusted to 0.15-0.25 ml according to the rat's body weight. The duration of the injection was 1 min. The interval between the two injections was Ն20 min. On the completion of three injections, the sciatic nerve was severed and 0.25 mM of ␣,␤-me-ATP was repeated to confirm that the response was due to stimulation of afferents within the hindlimb.
In another group of animals, 0.125 mM of ␣,␤-me-ATP were arterially injected into the hindlimb muscles of six rats that received previous infusion of NGF and saline.
In an additional group, the femoral occlusion was performed on one leg and sham procedure was performed on another leg as control in eight rats. Ten micrograms of NGF antibody (Abcam) were administered into the hindlimb muscles (the superficial white portion of the gastrocnemius muscle) of each leg 24 h before experiments. Then, 0.125 mM of ␣,␤-me-ATP were arterially injected to examine effects of blocking NGF on pressor and heart rate responses to stimulation of P2X.
All measured data of RSNA, blood pressure, and HR were continuously recorded and stored on a computer with PowerLab system (Ad instruments, Castle Hill, Australia). Mean arterial pressure (MAP) was obtained by integrating the arterial signal with a time constant of 4 s. HR was calculated on a basis of beat to beat from the arterial pressure pulse. The peak responses of MAP and HR were determined by the peak change from the control value. RSNA signals were transformed into absolute values, integrated over a 1-s interval, and subtracted by 1 s of integrated background noise. To quantify RSNA response to ␣,␤-me-ATP injection, baseline values were obtained by taking the mean value for the 30 s immediately before each injection and by ascribing the mean value of 100%, and relative change from baseline during the injection was then evaluated.
Data analysis. All experimental data are presented as means Ϯ SE. Comparisons of variables for P2X3 optical density, NGF, MAP, and RSNA responses were performed using one-way ANOVA followed by Tukey's post hoc test as appropriate. Comparisons of variables for percentage of P2X 3-positive neurons were made using Student's t-test. A value of P Ͻ 0.05 was considered significant. All statistic analysis was implemented using the SAS 9.13 for Windows (SAS Institute, Cary, NC). 3 protein in DRG of occluded and control limbs. Western blot analysis was used to examine the levels of P2X 3 protein in the lumbar DRG of occluded limbs and control limbs of rats 6, 24, and 72 h following femoral occlusion (n ϭ 6 in each group). There were no significant differences in the levels of P2X 3 in the DRG of control limbs of rats 6, 24, and 72 h after occlusion (P Ͼ 0.05, shown in Fig. 1 ). The data demonstrated that 24 and 72 h of femoral occlusion significantly elevated the levels of P2X 3 protein in the lumbar DRG (Fig. 1) . However, 6 h of femoral occlusion had no significant effects on the expression of P2X 3 (Fig. 1) . The intensity of P2X 3 signal in the DRG tissues was ϳ1.47-fold greater in the limb with 24 h of occlusion than that in the control limb. There were no significant differences in the elevated levels of P2X 3 protein between 24 and 72 h of occlusion (Fig. 1) .
RESULTS

Levels of P2X
P2X 3 immunostaining in DRG neurons after femoral occlusion. Fluorescence immunohistochemistry was used to examine P2X 3 -positive DRG neurons of control and occluded limbs of rats (n ϭ 6). Consistent with previous findings (38, 39) , the present experiments also illustrated that immunoreactivity of P2X 3 receptor was seen in small to medium diameter (Ͻ35 m) of DRG neurons. Furthermore, Fig. 2 , A (typical images) and B (average data), shows that the number of P2X 3 -positive DRG neurons was Ͼ24 h after femoral artery occlusion compared with control. The percentage of P2X 3 -positive cells is 33 Ϯ 3% in control and 51 Ϯ 3% in occlusion (P Ͻ 0.05 vs. control).
Sympathetic and cardiovascular responses to arterial injection of ␣,␤-me-ATP. Table 1 shows baseline values for MAP and HR before arterial injections of ␣,␤-me-ATP in control rats (n ϭ 8) and in rats with 24 h of femoral occlusion (n ϭ 9). There were no significant differences in baseline MAP and HR before each of the injections. Both Figs. 3 (typical recording) and 4 (average data) illustrate the effects of increasing concentrations (0.0625, 0.125, and 0.25 mM) of ␣,␤-me-ATP injected into the hindlimb muscles on RSNA and MAP in occluded and control groups. Arterial injection of ␣,␤-me-ATP evoked dose-related increases in RSNA and MAP in both groups. However, the responses induced by 0.125 and 0.25 mM of ␣,␤-me-ATP were significantly amplified in occluded rats compared with responses in control rats (Figs. 3 and 4) . Note that there was no significant difference in HR responses evoked by an arterial injection of ␣,␤-me-ATP in both groups.
In addition, the pressor response induced by 0.25 mM of ␣,␤-me-ATP was examined before and after the sciatic nerve was severed. When the nerve was intact, MAP responses were 28 Ϯ 5 mmHg in control rats (n ϭ 5) and 56 Ϯ 8 mmHg in Values are means Ϯ SE. Number of animals ϭ 8 in control and 9 in occluded rats. ␣,␤-me-ATP, ␣,␤-methylene ATP; MAP, mean arterial pressure; HR, heart rate. There is no significant difference among basal values.
occluded rats (n ϭ 5). The responses were significantly attenuated following severing the sciatic nerve. MAP responses were 5 Ϯ 2 mmHg in control rats and 8 Ϯ 3 mmHg in occluded rats. These data suggest that the pressor response was due to stimulation of afferents within the hindlimb.
Effects of NGF on expression of P2X 3 and its responsiveness. To determine the role of NGF in modulating afferent nerves P2X 3 responses, NGF was continually infused into the hindlimb muscles of healthy rats (n ϭ 6) through a microosmotic pump. Western blot analysis was then used to determine the levels of P2X 3 protein in DRG tissues of legs infused with NGF and in DRGs of control legs infused with saline. Figure 5 shows that NGF infused into the hindlimb muscles significantly increased expression of P2X 3 in DRG neurons compared with those in controls. The intensity of P2X 3 seen in DRGs of experimental legs is ϳ1.39-fold greater than that in control legs.
In addition, to examine responsiveness of P2X after infusion of NGF into the muscles, 0.125 mM of ␣,␤-me-ATP were injected into the femoral arteries of experimental and control legs of rats (n ϭ 6). Figures 6 and 7 demonstrate that the same dose ␣,␤-me-ATP evoked a greater MAP response in legs infused with NGF compared with the response in control legs infused with saline. Increases in MAP after injection of ␣,␤-me-ATP were 25 Ϯ 3 mmHg in control legs and 52 Ϯ 4 mmHg in legs infused with NGF (P Ͻ 0.05 vs. control).
To determine effectiveness of NGF infusion, the levels of NGF in DRG tissues of control rats and rats infused with NGF were examined (shown in Fig. 8 ). Consistent with a prior study (57) , the levels of NGF in the DRG of control rats were 32.7 Ϯ 2.2 ng/g wet weight (n ϭ 5). After NGF was infused into the hindlimb muscles, NGF was significantly increased in the DRG of infused leg (n ϭ 5). However, this did not significantly alter the levels of NGF in the DRG of the control leg infused with saline in the same rats (n ϭ 5). The levels of NGF were 33.2 Ϯ 3.3 ng/g wet weight in control and 47.3 Ϯ 2.7 ng/g wet weight with NGF infusion (P Ͻ 0.05, vs. control).
In addition, the levels of NGF in plasma and in the ventrolateral medulla were examined in control rats and infused rats. Figure 8 shows that no significant difference in NGF was seen in both groups.
Effects of blocking NGF on pressor response to arterial injection of ␣,␤-me-ATP. NGF antibody was administered into the hindlimb muscles of each leg 24 h before experiments. Then, ␣,␤-me-ATP at 0.125 mM was arterially injected into the hindlimb muscles of control leg and occluded leg of eight rats. Figures 6 and 7 show that ␣,␤-me-ATP induced no significant difference in pressor and heart rate responses in control leg and occluded leg. Increases in MAP after injection of ␣,␤-me-ATP were 27 Ϯ 5 mmHg in control legs and 32 Ϯ 7 mmHg in occluded legs (P Ͼ 0.05 vs. control).
Also, effectiveness of NGF antibody was examined in this experiment. Twenty four hours of femoral ligation were performed on both legs (n ϭ 5). Ten micrograms of NGF antibody were given in one leg, and saline was given in the contralateral leg to serve as control. Similar to the results previously reported (57), femoral occlusion significantly increased the levels of NGF in the DRG; however, application of NGF antibody attenuated occlusion-induced NGF (shown in Fig. 8 ). After femoral ligation, the levels of NGF in the DRG were 49.5 Ϯ 4.6 ng/g wet weight in control and 34.5 Ϯ 2.7 ng/g wet weight with NGF antibody (P Ͻ 0.05 vs. control with saline).
DISCUSSION
The purpose of the present study was to determine whether P2X 3 receptor on primary afferent nerves contributes to the enhanced sympathetic responsiveness elicited by femoral artery ligation. Also, this study was to examine whether NGF was engaged in the role of sensory nerve P2X 3 in augmented responses evoked by the hindlimb vascular insufficiency. First, the levels of P2X 3 protein expression were detected in the DRG of control leg and leg with femoral artery ligation. Western blot analysis demonstrated that 24 and 72 h of femoral artery occlusion significantly elevated P2X 3 expression in lumbar DRGs. Twenty hours following the ligation surgery, the level of P2X 3 was 1.47-fold greater in occluded rats than in control animals. Fluorescence immunohistochemistry further confirmed that femoral occlusion increased P2X 3 immunoreactivity in small to medium diameter of DRG neurons. In addition, injection of ␣,␤-me-ATP into the arterial blood supply of the hindlimb muscles evoked greater increases in RSNA and MAP in occluded rats than in control rats. The findings of this study suggest that there is a close linkage in increased P2X 3 receptors on afferent nerves and augmented sympathetic responsiveness to stimulation of muscle afferent nerves under conditions of femoral occlusion.
Furthermore, infusion of NGF into the hindlimb of healthy rats through a microosmotic pump induced a 1.39-fold increase in P2X 3 protein of the DRGs of the infused leg compared with the control leg. Also, NGF infused into the hindlimb significantly enhanced the pressor response to arterial injection of ␣,␤-me-ATP. On the other hand, blocking NGF attenuated exaggeration of the reflex response induced by ␣,␤-me-ATP in occluded rats. These findings suggest that NGF is closely related to upregulation of P2X 3 expression in DRG neurons and to augmentation in the sympathetic and blood pressure Fig. 4 . Changes in RSNA and mean arterial pressure (MAP) in response to stimulation of afferent nerve P2X receptors. Three dosages of ␣,␤-methylene ATP were injected into arterial blood supply of the hindlimb muscles of control rats (n ϭ 8) and rats with 24 h of femoral artery occlusion (n ϭ 9). Values are means Ϯ SE. HR, heart rate. *P Ͻ 0.05, compared with control. Fig. 5 . Effects of nerve growth factor (NGF) infusion on expression of P2X3 proteins in DRG neurons. Exogenous NGF was continually infused at a rate of 0.25 g/h into the hindlimb of healthy rats with a microosmotic pump for 72 h. Saline was infused into the contralateral limb as control. Once deliveries of NGF and saline were complete, the levels of P2X3 proteins were examined in bilateral DRGs (L4-6) using western blot analysis. A: representative bands of P2X3 expression. Bands of ␤-actin are used as control for an equal protein loading. Note that the repetitive control (Ctl, Ctr) and NGF expressions are shown. B: average data. Optical density is expressed in arbitrary units normalized against a control sample. Data in histograms represent means Ϯ SE; n ϭ 6 animals per group. *P Ͻ 0.05, compared with control. responses to activation of P2X 3 as the hindlimb vascular insufficiency occurs.
All P2X subtypes, except P2X 7 , are found in sensory neurons; however, the most prominent subtype is P2X 3 (8, 9) . For instance, the extent of P2X 3 mRNA expression is two times greater than the expression of P2X 2 receptor mRNA (53) in sensory neurons. P2X 3 expression in DRG neurons is upregulated in the process of pathological responses (i.e., peripheral nerve injury and inflammation, etc.; Refs. 1, 5, 55, 60). Therefore, in the present study, a rat model of intermittent claudication induced by femoral artery ligation was used to examine the levels of P2X 3 protein expression in the DRG tissues of occluded and control limbs. The data demonstrate that P2X 3 was increased in DRG neurons of occluded limb 24 and 72 h after the femoral ligation surgery.
ATP is the endogenous ligand for P2X 3 and P2X 2/3 receptors, and these subtypes of P2X receptors have been recognized to play a major role in mediating the primary sensory effects of ATP (8, 9) . In adults, P2X 3 and P2X 2/3 receptors are predominantly localized on small to medium diameter sensory neurons within DRG (7, 10, 12, 28, 51) . Consistent with these previous findings, the results of the present study using fluorescence immunohistochemistry have also demonstrated that P2X 3 receptors appeared in the lumbar DRG neurons with Ͻ35 m in diameter. Furthermore, femoral occlusion selectively increased immunoreactivity of P2X 3 in small to medium diameter of DRG neurons.
Previous studies (29, 30) demonstrated that contraction of skeletal muscle leads to a significant increase in the levels of ATP in the interstitium of muscles, and the elevation of ATP concentration is linearly related to magnitude of muscle tension. Also, there is strong evidence that ATP elicits the exercise pressor reflex by stimulation of muscle afferent P2X. First, injection of ␣,␤-me-ATP into the arterial blood supply of the hindlimb muscles or directly into the gastrocnemius muscle stimulates over two-thirds of the group IV afferents in cats and rats (21, 45) . Second, stimulation of P2X receptors on muscle afferents increases blood pressure via a reflex mechanism (17, 32) . Third, blocking P2X receptors attenuates discharge of group IV afferent fibers as well as blood pressure response during static muscle contraction (18, 19, 27, 36) . In a recent study (36) , blocking P2X 3 and P2X 2/3 receptors by injecting A-317491 and RO-3, two structurally different P2X 3 and P2X 2/3 receptor antagonists, into the arterial circulation of the muscles showed that the pressor response to arterial injection of ␣,␤-me-ATP was significantly attenuated. This prior study further demonstrated that the pressor response to postcontraction circulatory occlusion, a stimulus of metaboreceptors, is attenuated after blocking of P2X 3 and P2X 2/3 , which suggest that P2X 3 and P2X 2/3 receptors contribute to the metabolic component of the exercise pressor reflex.
Under conditions of muscle vascular insufficiency induced by femoral artery ligation, the exercise pressor reflex is amplified in rats (50) . Furthermore, prior studies (3, 4) reported that autonomic responses during exercise are enhanced in PAD patients. The underlying mechanism at receptor levels by which these reflex responses are enhanced after intermittent claudication needs to be determined. In the current study, femoral occlusion not only augments expression of P2X 3 in afferent nerves but also exaggerates sympathetic and blood pressure responses to arterial administration of ␣,␤-me-ATP. The data indicate that the augmented muscle reflex may be related, at least in part, to upregulation of P2X 3 receptors following femoral occlusion. However, engagement of P2X 2/3 receptor in enhanced reflex cannot be ruled out since ␣,␤-me-ATP used in the present experiments is not selective to P2X 3. Nevertheless, evidence has suggested that ATP and P2X receptors contribute to the metabolic component of the exercise pressor reflex (metaboreflex) after femoral occlusion. Also, it is likely that P2X plays a role in sensitizing the mechanoreflex in states of the hindlimb muscle vascular insufficiency. For example, activation of P2X receptors enhances blood pressure response to passive muscle stretch, a stimulus of mechanoreflex (32) . P2X-mediated muscle mechanoreceptor responses are augmented in rats with heart failure compared with a control group (31) . Moreover, expression of P2X is increased in DRG of rats with heart failure (15) . Thus upregulation of P2X 3 receptors in DRG neurons may also enhance the exercise pressor reflex by facilitating the mechanoreflex in PAD.
NGF is synthesized in various cells including normal skeletal muscle tissue (54) . Previous data (14) indicate that hindlimb ischemia induces an increase in endogenous NGF production in skeletal muscle. NGF is taken up by nerve terminals and retrogradely transported to the cell bodies once it is released into the muscle interstitium. Generally, the accumulated neurotrophin in the cell bodies is regarded as a requirement for physiological or pathological responsiveness in neurons (11) . In addition, measurement of NGF in DRG tissue of rats with femoral artery occlusion revealed that 24 and 48 h of occlusion significantly increased NGF levels in DRG sensory neurons (57) . Notably, exogenous application of NGF has been reported to lead to expression of P2X 3 in sensory neurons (44) , although it is unclear if endogenous NGF induces P2X 3 expression in sensory nerves. Nevertheless, administration of NGF antibody to neutralize endogenous NGF attenuated amplification in the pressor response evoked by arterial injection of ␣,␤-me-ATP in occluded rats, suggesting that NGF plays a role in regulating P2X 3 response after femoral occlusion.
In the present study, the results further demonstrated that infusion of NGF into the hindlimb muscle of healthy rats induced a 1.39-fold increase in expression of P2X 3 protein of DRG neurons. Also, infusion of NGF enhanced blood pressure response to arterial injection of ␣,␤-me-ATP as it was seen in occluded rats. Taken together, the experimental findings suggest that NGF is engaged in upregulation of P2X 3 in sensory nerves and then contributes to the exaggeration of the muscle reflex after femoral occlusion by increasing the expression of P2X 3 .
Note that in addition to the P2X 3 receptor, NGF plays a role in regulating a number of ligand-gated ion channels including TRPV1, ASIC3, and bradykinin B 2 receptor (16, 43) . These receptors are responsive to ischemia. For example, femoral artery ligation elevates expression of chemically sensitive TRPV1 and ASIC3 and then induces greater increases in sympathetic nerve activity and blood pressure as their respective receptor agonist is injected in the arterial blood supply of the hindlimb muscles (33, 56) . Among these receptors, ASIC3 and bradykinin B 2 have been reported to modulate the exercise pressor reflex (20, 22, 42) . Thus elevation of NGF is likely to affect a number of afferent nerve receptors in modulating the exercise pressor reflex after femoral occlusion.
Moreover, the levels of NGF in the DRG tissues of control rats and rats infused with NGF were examined to determine effectiveness of NGF infusion. Consistent with the data from a prior study (57) , the similar levels of NGF were seen in the DRG of control rats. After NGF was infused into the hindlimb muscles, NGF was significantly increased in the DRG of infused leg. The level of elevated NGF in the DRG was close to that seen under 24 h of ischemic conditions. However, infusion of NGF did not significantly alter the levels of NGF in the DRG of the control leg infused with saline in the same rats. The data suggest that the dosage of NGF infused into the Fig. 8 . A: levels of NGF in the DRG tissues of 5 control rats and 5 rats infused with NGF. In the infused rats, 1 limb was infused with NGF; and the contralateral limb was infused with saline.
[NGF], NGF concentration. *P Ͻ 0.05 vs. control rats and control legs infused with saline. There was no significant difference in NGF levels between control rats and control legs infused with saline. B: levels of NGF in the DRG tissues of 5 rats who received 24 h of femoral ligation (Lig) on both hindlimbs. In those rats, saline was given in 1 limb and NGF in another limb. *P Ͻ 0.05 vs. femoral ligation with application of NGF antibody. C and D: levels of NGF in plasma and brain tissues of 5 control rats and 5 rats infused with NGF. No significant differences in NGF in plasma and in brain were seen in control rats and infused rats.
hindlimb muscles was effective and reasonable in this experiment.
Likewise, the effectiveness of NGF antibody was examined in this experiment. Similar to the results previously reported (57), 24 h of femoral occlusion significantly increased the levels of NGF in the DRG. However, application of NGF antibody attenuated occlusion-elevated NGF.
In addition, the levels of NGF in plasma and in the medulla were examined in control rats and rats infused with NGF. No significant difference in NGF was seen in both groups. This result suggests that the infusion of NGF into the hindlimb muscles had negligible systemic effects. Nevertheless, it cannot be ruled out if the infusion of NGF affected afferent nerves other than muscle.
Prior studies (6) demonstrate that the levels of extracellular ATP are increased in ischemic tissues. Increased ATP is likely to upregulate P2X 3 and thereby augment receptor activity. Thus additional investigations need to be performed to examine interstitial ATP of the hindlimb muscles at different time points following femoral occlusion to clarify the effects of ATP. It is speculated that following femoral occlusion the concentration of ATP is elevated in the muscle interstitium of occluded leg, and this increases expression of P2X 3 engaged in augmented sympathetic nerve activity. In addition, another limitation of this study is that arterial injection of ␣,␤-me-ATP may not mimic the exercise pressor reflex in a physiologic way. A better way to address this issue is to determine the effect of a P2X antagonist on the pressor response to muscle contraction in sham and occluded rats. If P2X antagonist had more inhibitory effects on the exercise pressor reflex in occluded rats than that in sham rats, it would greatly support the role played by P2X.
In summary, the data of the present study have shown that the femoral artery occlusion significantly increases the levels of P2X 3 protein in lumbar DRG neurons. The enhanced expression of P2X 3 is specifically seen in small to medium diameter of sensory neurons. Stimulation of afferent P2X 3 receptors with ␣,␤-me-ATP evokes greater increases in sympathetic nerve activity and arterial blood pressure in rats with femoral occlusion. Furthermore, infusion of NGF into the hindlimb muscle of rats increases expression of P2X 3 in DRG neurons as well as pressor response induced by stimulation of P2X 3 . These findings suggest that P2X 3 in afferent nerves plays an important role in augmented sympathetic responsiveness via a reflex pathway when blood supply to the hindlimb muscles is insufficient as seen in PAD.
